INTRODUCTION
At present, it is possible to mass-produce extremely useful proteins due to remarkable developments in gene engineering. However, many reports have described that those proteins synthesized by gene recombination have few biophysical activities because of the incompletion or the lack of carbohydrate chains (1, 2) . This is because DNA incorporated by gene recombination has no direct information about biosynthesis of the carbohydrate chains. Furthermore, because the elongation mechanisms of carbohydrate chains were complicated and not clear, it was very difficult to regulate them by gene technology. As a result, the method of attaching the carbohydrate chains to those proteins by glycotechnology plays an important role. galactosidase (13) from the mid-gut gland of the molluscus Patinopecten, which liberates the galactosyl galactose (Galβ1-3Gal) linkage; and 3) endo-β-xylosidase (14) from the mid-gut gland of the molluscus Patinopecten, which liberates the xylosyl serine (Xylβ1-O-Ser) linkage. All of these enzymes were endo-type glycosidases releasing the intact GAG chains from proteoglycan. Especially, because endo-β-xylosidase cleaved the direct linkage, Xylβ1-O-Ser linkage, between a core protein and a GAG chain, it was highly likely that the transglycosylation reaction of this enzyme would be an important tool for attaching the GAG chain to protein.
endo-β-xylosidase was carried out as follows. The peptidoglycan (250 nmol) as a donor and the Boc-Leu-Ser-Thr-Arg-MCA (1 µmol) as an acceptor were incubated with 10 munits of endo-β-xylosidase in 100 mM sodium acetate buffer, pH 3.0 at 37˚C for 12 h.
The reaction was terminated by immersion in a boiling water bath for 3 min. Hydrolysis reaction by endo-β-xylosidase was carried out as described previously (100 mM sodium acetate buffer, pH 4.0 at 37˚C for 24 h) (14) .
HPLC analysis -A high-performance liquid chromatograph (HPLC, Hitachi L-6200, Hitachi Co., Tokyo, Japan) connected to a fluorescence detector (Model F-1150, Hitachi Co.) was used. HPLC analysis for the GAG chain transfer reaction was carried out with a TSKgel DEAE-5PW column (7.5 x 75 mm, Tosoh Co., Tokyo, Japan) under the following conditions. Solution A, 0.2 M NaCl, and solution B, 1 M NaCl, were prepared; the column was equilibrated with solution A, and the ration of solution B to solution A was increased linearly to 100% over 60 min after sample injection; the flow rate was fixed at 1 ml/min; and column temperature was 30˚C. HPLC analysis for the enzymatic digestion products was carried out with Shodex OHpak SB-803HQ and SB-12 into pieces 3-mm wide, and then extracted with 1 ml of water. Staining of GAG on the cellulose-acetate membrane was done with 0.05% Alcian Blue in 70% ethanol.
Enzymatic digestion -Samples were digested with the following enzymes:
chondroitinase ABC (100 mM Tris-HCl buffer, pH 8.0) (21), chondroitinase AC-II (100 mM sodium acetate buffer, pH 6.0) (21) , Streptomyces hyaluronidase (20 mM sodium acetate buffer, pH 5.0) (24), heparitinase II (100 mM sodium acetate buffer, pH 7.0) (25) .
Mass spectrum measurement -Mass spectrum was obtained on a sciex API-III triplequadruple mass spectrometer (Thornhill, Ontario, Canada) equipped with an atmospheric pressure ionization source, as described previously (26) . The samples were dissolved in 50% methanol and injected at 2 µl/min with a micro-HPLC syringe pump.
In positive-ion mode, scanning was done from m/z 400 to 1000 during the 1-min scan (ten cycles).
RESULTS
GAG chain transfer reaction of endo-β-xylosidase -To investigate the GAG chain transfer activity of endo-β-xylosidase, Boc-Leu-Ser-Thr-Arg-MCA was used as an acceptor for the carbohydrate chain. This peptide contained two amino acids (serine and threonine) which had hydroxyl groups required for the transfer region of the GAG chain, and also contained a fluorescence substrate. For those reasons, this peptide was useful for the analysis of reaction products on HPLC. As a donor of the carbohydrate chain, peptido-ChS from bovine tracheal cartilage was used. Endo-β-xylosidase was purified as described previously (14) . In Fig. 1 , native PAGE of this purified enzyme in 7.5% polyacrylamide gel shows a single band. The acceptor peptide and peptido-ChS were incubated at 37˚C with endo-β-xylosidase in 100 mM sodium acetate buffer, pH 3.0 (total volume, 100 µl). After incubation, the reaction was terminated by immersion in a boiling water bath for 3 min. The aliquot of reaction mixture was subjected to anion exchange HPLC (TSKgel DEAE-5PW).
As a result, only one acceptor peak ( Fig. 2 , peak 1) was obtained before the incubation (Fig. 2, 0 h ). However, as the reaction proceeded, another fluorescent peak that the chondroitin sulfate chain from the donor was attached to the acceptor peptide through the xyloside linkage.
Analysis of ChS-attachment site of the acceptor peptide -The ChS-attachment site of the acceptor peptide was investigated. First, the acceptor peptide without the Boc residue was prepared by trifluoroacetic acid treatment. Next, the chondroitin sulfate chain was attached to this peptide by the GAG chain transfer reaction of endo-β-xylosidase. After that, the reaction product was subjected to N-terminal amino acid sequence analysis. As a result, N-terminal amino acid sequence of the reaction product was determined leucine-X-threonine-arginine. The second amino acid, serine residue was not identified. This result indicated that the hydroxyl group of the serine residue was substituted, namely, the ChS chain was attached to the serine residue. From these results, it was confirmed that the ChS chain from the donor was transferred selectively to the serine residue of the acceptor peptide. Thus, it was shown that novel peptidoglycan, Boc-Leu-Ser(ChS)-Thr-Arg-MCA, was synthesized using the GAG chain transfer reaction of endo-β-xylosidase.
Characterization of the GAG chain transfer reaction -Time course change of the GAG chain transfer reaction was investigated (Fig. 7, A) . It was shown that the reaction products were increased as the incubation time was proceeded. However, after 12 h of incubation, they were decreased gradually.
To investigate the effect of pH on the GAG chain transfer reaction, the reaction was performed at various pH value, and the amount of the reaction product were measured after 12 h at 37 ˚C (Fig. 7, B) . It was shown that the optimal pH of the GAG chain transfer reaction was 3.0, differing from the optimal pH 4.0 of hydrolysis of this enzyme (14) .
The effect of the acceptor peptide concentration on the GAG chain transfer reaction was investigated by performing the reaction with various concentrations of the acceptor peptide for 12 h at pH 3.0 (Fig. 7, C) . The reaction product was increased depending on the concentration of the acceptor peptide.
The effect of the donor concentration on the GAG chain transfer reaction was investigated in the presence of various concentration of peptido-ChS at pH 3.0 (Fig. 7, D ). The reaction product was increased with increasing amounts of peptido-ChS up to 250 nmol (final, 2.5 mM). Because of the solubility, however, we could not add or test higher concentration (above 2.5 mM) of peptido-ChS.
The effect of several metal ions on the GAG chain transfer reaction was investigated (Table 1 ). It was found that the GAG chain transfer activity was strongly inhibited by Cu 2+ and Ag
The effect of the chain length of the donor on the GAG chain transfer reaction was investigated ( Table 2 ). The intact peptido-ChS was digested exhaustively with chondroitinase ABC and chondroitinase AC-II, and ∆GlcA-GalNAc(S)-GlcA-Gal-GalXyl-peptide and ∆GlcA-Gal-Gal-Xyl-peptide were prepared. These two peptidooligosaccharides were used as donors of the GAG chain transfer reaction of endo-β-xylosidase. It was shown that the linkage hexasaccharide and the linkage tetrasaccharide of the donor could be transferred to the acceptor peptide, however, the reaction product was limited to 25% and 15%, respectively. When Xyl-peptide and chondroitin sulfate without peptide (after hydrolysis by endo-β-xylosidase) were used as donors, the GAG chain transfer reactions were not observed at all.
The ability of GAG chain transfer reaction on various donors was investigated (Table 3) . Using peptido-DS, peptido-HS and HA as donors, the GAG chain transfer reaction was done as described above. As a result, it was shown that both DS chain and HS chain were transferred to the acceptor peptide, however, HA was not transferred at all.
The activity of activated protein C toward the Boc-Leu-Ser(ChS)-Thr-Arg-MCA -The
activity of activated protein C, which was a kind of protease, toward the Boc-LeuSer(ChS)-Thr-Arg-MCA was investigated. It was shown that the activity of the activated protein C toward Boc-Leu-Ser(ChS)-Thr-Arg-MCA was decreased to 30% compared with the activity toward Boc-Leu-Ser-Thr-Arg-MCA (Fig. 8) . This result showed that the Boc-Leu-Ser(ChS)-Thr-Arg-MCA was resistant against activated protein C compared with Boc-Leu-Ser-Thr-Arg-MCA.
DISCUSSION
Previously, we have isolated and characterized endo-β-xylosidase from the mid-gut gland of the molluscus Patinopecten (14) . This enzyme was an endo-type glycosidase that hydrolyzed the xylosyl serine linkage between a core protein and a GAG chain, and as a result, released the intact GAG chain from proteoglycan. In this study, we clarified that endo-β-xylosidase had the transglycosylation activity, and succeeded in attaching the intact GAG chain to peptide using this activity. The reaction scheme is depicted in In recent years, some reports have described the transglycosylation reactions using endo-type glycosidases (28-30). As well as these reactions, the GAG chain transfer reaction of endo-β-xylosidase was regarded as a specific reaction using a reverse reaction of hydrolysis. Therefore, it was very important for the GAG chain transfer oligosaccharide of the glycosylated Petide T. This result indicates that the ChS chain of proteoglycan inhibits the proteolysis of core protein.
The GAG chain transfer reaction of endo-β-xylosidase released the GAG chain from the donor, and transferred it selectively to the serine residue of the acceptor peptide although the threonine residue also had the hydroxyl group required as the transfer region of the GAG chain. The mechanism of the selective transfer to the serine residue was not clarified in this study. Furthermore, the acceptor specificity, the transfer ability to the high molecular weight protein and the regioselective transfer of the GAG chain remain problems to be solved in the future. In this report, we described the attachment of the GAG chain to peptide using the GAG chain transfer reaction of endo-β-xylosidase as a glycotechnological tool for artificial synthesis of proteoglycan. The GAG chain transfer reaction of endo-β-xylosidase is expected to open a new avenue in proteoglycan glycotechnology. 
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